Background: Stress plays a causal role in depression onset, perhaps via alteration of hypothalamic-pituitaryadrenal (HPA) axis functioning. HPA axis hyperactivity has been reported in depression, though inconsistently, and the nature of this relationship remains unclear, partly because cortisol measurement over time has been challenging. Development of hair cortisol assessment, a method that captures cortisol over prolonged periods of time, creates new possibilities. In this study, hair cortisol was incorporated into a prospective and longitudinal study of medical internship, stress and symptoms of depression. This provided a rare opportunity to 1) prospectively assess hair cortisol responses to stress, and 2) examine whether stress-induced changes in hair cortisol predict depressive symptom development. Methods: Hair cortisol, depressive symptoms, and stress-relevant variables (work hours, sleep, perceived stress, mastery/control) were assessed in interns (n = 74; age 25-33) before and repeatedly throughout medical internship. Results: Hair cortisol sharply increased with stressor onset, decreased as internship continued, and rose again at year's end. Depressive symptoms rose significantly during internship, but were not predicted by cortisol levels. Hair cortisol also did not correlate with increased stressor demands (work hours, sleep) or stress perceptions (perceived stress, mastery/control); but these variables did predict depressive symptoms. Discussion: Hair cortisol and depressive responses increased with stress, but they were decoupled, following distinct trajectories that likely reflected different aspects of stress reactivity. While depressive symptoms correlated with stressor demands and stress perceptions, the longitudinal pattern of hair cortisol suggested that it responded to contextual features related to anticipation, novelty/familiarity, and social evaluative threat.
Introduction
Depression affects 16% of Americans at some point during their lives (Kessler et al., 2005) and represents the single largest contributor to global disability according to the World Health Organization (WHO, 2017) . Life stress is the most common causal trigger of depression onset (Kendler et al., 1999) . Understanding how life stress leads to depression can further our understanding of the disorder and inform prevention strategies. One potential pathway involves the hypothalamic-pituitaryadrenal (HPA) axis and its end product cortisol (Taylor et al., 1997) . HPA axis hyperactivity has been linked with depression (reviewed in Nemeroff and Vale, 2005) , but variations exist (e.g., depending on patient and clinical factors; Lamers et al., 2013; Stetler and Miller, 2011) and the temporal nature of this relationship is still unclear. There is some evidence that HPA axis dysregulation may precede depression (Adam et al., 2010; Harris et al., 2000) , but interactions with chronic stress exposure are rarely examined.
The HPA axis is a complex system that is shaped by and interacts with psychosocial (Levine, 2000) , contextual (Gunnar et al., 2009) , genetic (Gotlib et al., 2008) , and developmental factors (Tyrka et al., 2008) . This system helps us respond to acute stress, but it also undergoes long-term changes in response to repeated stress experiences. These longer-term alterations may be particularly relevant in the etiology of depression (Ehlert et al., 2001) . Tracking HPA activity over time holds the potential to illuminate its role in depression. However, quantification of longer-term HPA axis activity has been notoriously difficult as traditional cortisol measures in blood, saliva, or urine only capture activity over a period of minutes to hours and are sensitive to numerous confounding variables (reviewed in Russell et al., 2012) . These methodological challenges have hampered efforts to understand the links between stress exposure, longer-term HPA activity, and depression onset.
Development of hair cortisol assessment, a method that quantifies cumulative cortisol production over prolonged periods of time, creates new research possibilities. It has been validated in clinical and nonclinical contexts to reflect systemic long-term cortisol exposure (retrospectively, up to 6 months; Gow et al., 2010) . It also may allow us to assess stress-induced changes in cortisol exposure longitudinally, over months to years, which could provide insights into the role of HPA axis functioning in depression. Cross-sectional studies have shown elevated hair cortisol in stressed populations (Stalder et al., 2017; Staufenbiel et al., 2013) , but prospective studies that assess within-person changes in hair cortisol accumulation in the context of long-term stress exposure are lacking. Some cross-sectional studies have also shown positive associations between hair cortisol and clinically diagnosed depressed patients (mostly inpatients; Dettenborn et al., 2012) as well as between hair cortisol and self-reported depressive symptoms in non-clinical community samples (Abell et al., 2016; Faresjo et al., 2013; Stalder et al., 2014; Wikenius et al., 2016) . However, the first meta-analytic review, which included primarily cross-sectional studies, did not show consistent links with self-reported depressiveness (Stalder et al., 2017) . Prospective stress designs are needed to determine the temporal relationships between chronic stress, long-term HPA axis activity, and depressive symptoms. Because stress, by its nature, is unpredictable and heterogeneous, such studies have been difficult.
Medical internship-the first year of professional clinical training for physicians following medical school graduation-provides a naturalistic chronic stress paradigm. It is a time of high stress (Butterfield, 1988) and meta-analytic evidence (54 studies; n = 17 560 resident physicians) estimates an overall prevalence of depression during residency of 28.8%, ranging from 20.9% to 43.2% (Mata et al., 2015) . Medical internship allows for prospective tracking of perceived and experienced stress and the development of depression, starting before stressor onset, and with longitudinal follow-up throughout the 12 months of internship exposure. The somewhat homogenous sample facing a relatively "standardized" stressor may provide a paradigm with reduced "noise" that might otherwise obscure linkages.
The combination of hair cortisol technology and the internship model allows us, for the first time, to prospectively assess how chronic stress exposure affects HPA axis functioning and determine whether stress-induced changes in HPA axis functioning are linked to depressive symptom development. Based on previous cross-sectional studies, we hypothesized that 1) hair cortisol levels will significantly increase with internship stress and 2) the increase in cortisol levels will associate with an increase in depressive symptoms.
Material and methods

Participants
The study was part of an ongoing longitudinal study of depression during medical internship (Sen et al., 2010) . Participants were recruited from graduating University of Michigan Medical School students who matched to attend internship within 50 miles of Ann Arbor to allow inperson collection of hair samples and to control for other pre-internship stressors (e.g., moving). Participants were required to have a minimum hair length of 1 cm. They signed written consent and were paid $350 for study participation. We collected data from residency cohorts over a 4year period from 2012 to 2015 (2012: n = 18, 2013: n = 23, 2014: n = 14, 2015: n = 19) , yielding a final sample of 74 participants. The study was approved by our local Institutional Review Board (IRB).
Procedures and measures
Hair assessment
Hair samples were collected 1-2 months prior to internship start (pre-internship) and at the four-, eight-and twelve-month time points during internship year, following guidelines from the Society of Hair Testing (Cooper et al., 2012) . At each hair collection time point, 2-3 hair samples were cut with scissors from the posterior vertex region of the head (cut close to the scalp without pulling hair; all collected hair samples were analyzed). After hair collection, samples were wrapped in aluminum foil and stored at room temperature (Gow et al., 2010) . Annual collections were analyzed in batches, such that when the last hair sample was obtained at the end of a given internship year (cohort), all samples of that year were sent to Dr. Kirschbaum's laboratory at the Dresden University.
Starting at the scalp-near end, samples were cut into two 2-cm segments for analysis (where length permitted; mean segment weight was 5.5 mg ± 0.5 mg). Hair growth rates vary between individuals (Schütz et al., 1993) , but a rate of 1 cm/month has been generally accepted in the literature for a 1-cm hair segment (Schütz et al., 1993; Wennig, 2000) . The first 2-cm segment (Segment 1) thus reflects total cortisol production over the 2 months prior to the collection time point; the next 2-cm segment (Segment 2) reflects secretion during months 2-4 before the collection time point. When we subsequently refer to hair cortisol levels at a specific time point, these actually reflect cortisol secretion over the prior months as described above. Hair samples were assayed for cortisol using a validated, commercially available immunoassay with chemiluminescent detection (procedures are described in more detail in Stalder et al., 2012) .
Self-report measures
Participants provided socio-demographic (sex, age, ethnicity, marital status, having a child, medical specialty), health-related (Body Mass Index-BMI, smoking, antidepressant use, oral contraceptive use, personal history of depression, family history of depression, stressful life events in the past 3 months), and hair-related information (hair color, use of hair products, hair coloring/dying/bleaching/perm, weekly hair washing frequency).
Self-reported depressive symptoms in the past 2 weeks were assessed prior to internship start and at three-month intervals during internship using the 9-item Patient Health Questionnaire (PHQ-9; Kroenke et al., 2001) . Perceived stress and sense of mastery/control were measured prior to internship start and at four-month intervals during internship using the 10-item Perceived Stress Scale (PSS; Roberti et al., 2006 ) and Pearlin's 7-item Mastery Scale (Pearlin and Schooler, 1978) , respectively (only available for cohorts [2013] [2014] [2015] . Other internship information (e.g., sleep hours/night in the past week, weekly work hours, days off in the past month) was also collected at pre-internship and during quarterly assessments.
Statistical analyses
Data preparations
No outliers were excluded from analyses to avoid data loss, but extreme hair cortisol values at the upper 5% of the distribution were winsorized (set at the 95 percentile value) to reduce their impact on data analyses (Adam and Kumari, 2009; Wilcox, 1998) . The winsorized hair cortisol raw data is presented in Fig. 1 . Hair cortisol values and depressive symptoms (PHQ-9 scores) were log transformed to improve skewness and kurtosis. Hair cortisol concentrations between the first and the second 2-cm segments were highly correlated, but not identical (BL: r = 0.875, 4-months: r = 0.912; 8-months: r = 0.819; 12-months: r = 0.715). We analyzed both segments to examine hair cortisol concentrations throughout the entire internship year, testing links with stress exposure, psychosocial stress, and depressive symptoms. Generally, correlations of hair cortisol values between time points ranged from r = 0.4 to r = 0.9, suggesting both intra-individual stability, but also individual variability over time.
There is some loss of cortisol signal over time (reflected in declining concentrations farther from the scalp), possibly due to wash-out effects (Kirschbaum et al., 2009 ). Three independent, published samples report cortisol decline rates per 1-cm hair segment of 2.5 pg/mg (Kirschbaum S.E. Mayer et al. Psychoneuroendocrinology 92 (2018) 57-65 et al., 2009), 2.7 ± 0.3 pg/mg (Gao et al., 2010) , and 2.9 ± 0.6 pg/ mg (Xie et al., 2011) . These rates are remarkably consistent, suggesting that hair cortisol decline can be accounted for; adjusting for this decline is important for comparisons across segments. Based on Gao (2010) , we estimated that hair cortisol values for the second 2-cm segment would be about 16% lower than those in the first 2-cm segment due to these "wash-out" effects. To more accurately compare across segments, we adjusted for this signal loss along the hair shaft and conservatively increased Segment 2 values by 10%. Missing hair cortisol data at each assessment time point were low (0% at pre-internship; 8% at 4 months; 4% at 8 months; 11% at 12 months). However, at a given assessment time point, we could not obtain a full 4-cm hair sample from every participant. Male participants often had insufficient hair length to obtain a second 2-cm segment, which resulted in significant missing Segment 2 data (31%), yielding overall missing data of 18% (50% of participants had complete hair cortisol data for every time point and both hair segments). We imputed missing hair cortisol data using a Fully Conditional Specification Method Iterations-an iterative Markov Chain Monte Carlo (MCMC) method. Imputed hair cortisol values did not differ from non-imputed data (all p values > 0.80, except hair cortisol at 10 months, p = 0.16). Imputing the missing data allowed us to obtain less biased estimates of population parameters than modeling the incomplete dataset (Lee and Carlin, 2010) . However, analyses without the additional manipulations (imputing missing data and adjusting Segment 2 values) yielded identical results.
Statistical analysis
As a first step, we assessed hair cortisol responses to internship stress by using repeated measures analysis of variance (RM-ANOVA) within a mixed model framework. The time variable was coded as months from internship start (starting at 0 months, which was the reference category). Hair cortisol levels were also compared between time points using Bonferroni correction for multiple comparisons. Since we were not necessarily interested in hair cortisol levels at specific time points, but rather in overall hair cortisol trajectories throughout internship, we conducted the main analyses using growth curve modeling.
We examined hair cortisol and depressive responses to internship stress using multilevel growth curve modeling (GCM). The time Fig. 1 . Mean ( ± SE) of hair cortisol levels (winsorized raw data) as a function of time (months) from medical internship start. Arrows indicate collection of a 4-cm hair segment, which was then cut into two 2-cm hair segments. Hair cortisol levels at pre-internship, 2, 4, 6, 8, 10, and 12 months thus reflect total concentrations over the previous approximately 2-months' time interval. variable was coded as months from internship start. The unconditional model included an intercept (segment 1 pre-internship hair sample/ baseline depressive symptom score), and fixed effects of time that modeled reactivity. Random intercepts were included in the model, allowing different participants to have different levels prior to internship. Random coefficients for time effects were also considered if appropriate. Restricted maximum likelihood estimates (REML) of parameters (SPSS MIXED command) were computed and an unstructured covariance structure was modeled for the random effect(s). Repeated errors associated with the same individuals were allowed to have an autoregressive covariance structure. Analyses also controlled for fixed effects of potential confounding variables. Continuous predictors were mean centered. We also examined relationships using Pearson Product Moment Correlations.
Results
Descriptive statistics
Descriptive statistics of sociodemographic, health-and hair-related information are displayed in Table 1 . Participants (56% female) were between age 25 and 33, and majority Caucasian (80%), single (61%), and without children (89%). They had diverse medical specialties (e.g., 13% internal medicine, 6% surgery, 9% obstetrics/gynecology, 10% pediatrics), were non-smokers (before and throughout internship), and had healthy BMI scores (M ± SD = 23 ± 3.5 kg/m 2 ) as reflected in Center for Disease Control and Prevention standards. About 25% of the sample used oral contraceptives before internship (35% during internship). About 10% indicated using antidepressant medication before internship (15% during internship). More than half reported a personal (53%) and/or family (first degree relative) history of depression (60%). About one fourth of participants indicated having at least one major life event in the past three months before internship start (e.g., getting married, having a child, death of a family member, financial loss, physical assault). The majority of participants had natural brown hair (62%) and did not use any hair treatment (80%; no use of hair products or coloring/dying/bleaching/perm). Participants washed their hair on average 6 times a week.
During their internship year, participants worked an average of 62 h per week (SD = 12.47) and had on average 6 days off in the past month as indicated in quarterly surveys. They slept on average one hour/night less during internship (M ± SD = 6.62 ± 0.86), relative to pre-internship (M ± SD = 7.49 ± 1.08, t(52) = 5.58, p < 0.001). The experience was subjectively stressful, with an increase from pre-internship to 4 months in perceived stress (M ± SD = 10.96 ± 5.36, increasing to 13.83 ± 5.21, t(50) = −4.12, p < 0.001) and a sustained elevation over baseline throughout internship (M ± SD = 12.63 ± 4.89, t(54) = −2.47, p = 0.017). Only 3.6% of interns endorsed being highly stressed prior to internship, but 26% did so (PSS ≥ 20) at least once during internship.
Hair cortisol responses to internship stress
Repeated measures within a mixed model framework showed that hair cortisol levels significantly changed over time, F(6, 253) = 10.47, p < 0.001. Estimates of fixed effects showed that hair cortisol concentrations at 2 months (reflecting cumulative concentrations during the initial 2 months of internship), b = 0.1799, p < 0.001, and 4 months, b = 0.0938, p = 0.016, were elevated relative to pre-internship levels (0 months). Hair cortisol concentrations at 6 and 8 months did not differ from pre-internship levels (p = 0.455, p = 0.109, respectively). Notably, pre-internship hair cortisol levels (0 months) were elevated compared to internship levels at 10 months, b = −0.0911, p = 0.011, yet comparable to hair cortisol levels at 12 months, b = 0.0192, p = 0.524. Bonferroni corrected multiple comparisons between time points showed that following an initial hair cortisol increase S.E. Mayer et al. Psychoneuroendocrinology 92 (2018) 57-65 in response to internship stress (0-2 months: p < 0.001), hair cortisol levels remained elevated at 4 months (2 vs. 4 months: p = 0.094), but then decreased from 4 to 6 months (p = 0.001), with no further significant changes (6 vs. 8 months: p = 1.00, 8 vs. 10 months: p = 1.00) until hair cortisol levels rose again from 10 months until 12 months at the end of internship, p = 0.006. We also examined hair cortisol responses to internship stress using Growth Curve Modeling (GCM). A cubic trajectory represented the best fit for the data (lowest AIC; linear model AIC = 89.13; quadratic model AIC = 101.52; cubic model AIC = 61.79). Specifically, hair cortisol initially increased in response to internship stress (time b = 0.1171, p < 0.001), followed by a decline in hair cortisol as internship continued (time 2 b = −0.0288, p < 0.001), and a deceleration of this decline towards the end of internship (time 3 b = 0.0016, p < 0.001; see Table 2 Unconditional Model).
We also examined the impact of sociodemographic, health-, and hair-related covariates on hair cortisol trajectory. The year of medical internship (cohort) impacted hair cortisol levels, such that the earlier cohorts 2012 and 2013 had lower pre-internship hair cortisol levels compared to the last cohort 2015, intercept, b = −0.4137, p < 0.001, intercept, b = −0.2498, p = 0.007, respectively. The 2013 cohort also had a steeper linear increase (and marginally greater decrease) compared to cohort 2015, time, b = 0.1040, p = 0.038, time 2 b = −0.0173, p = 0.093, time 3 b = 0.0007, p = 0.181. Older age yielded more pronounced (reactive) quadratic and cubic trajectories, intercept, b = 0.0202, p = 0.284, time, b = 0.0123, p = 0.161, time 2 b = −0.0036, p = 0.044, time 3 b = 0.0002, p = 0.027. Being single, compared to being married, was associated with elevated pre-internship hair cortisol, intercept, b = 0.2043, p = 0.028, but had no effect on hair cortisol trajectory from pre-internship (all ps > 0.20). Sex, ethnicity (Caucasian vs. non-Caucasian), and having a child did not significantly impact hair cortisol responses (all ps > 0.10). Physical and mental health baseline variables (BMI, personal history of depression, family history of depression, stressful life events) also did not impact hair cortisol (all ps > 0.05). Medication intake throughout the study period did not impact cortisol trajectory (intercept b = −0.0904, p = 0.255, time, b = −0.0487, p = 0.199, time 2 b = 0.0113, p = 0.146, time 3 b = −0.0006, p = 0.172), nor did antidepressant use when examined separately (intercept b = −0.0959, p = 0.388, time, b = −0.0189, p = 0.720, time 2 b = 0.0119, p = 0.272, time 3 b = −0.0008, p = 0.170), or hormonal contraceptive use (intercept b = −0.0170, p = 0.835, time, b = 0.0450, p = 0.245, time 2 b = −0.0095, p = 0.229, time 3 b = 0.0004, p = 0.312). Mean days off in the past month (as indicated in quarterly surveys) also did not predict hair cortisol trajectory during internship, time, b = 0.0086, p = 0.433, time 2 b = −0.0016, p = 0.484, time 3 b = 0.00007, p = 0.561. We also examined the impact of hair-related variables on hair cortisol levels. Natural hair color or any hair treatment during the study period, including use of hair products or coloring/dying/ bleaching/perm did not impact hair cortisol (all ps > 0.20). Greater weekly hair washing frequency throughout the study period was significantly related to lower pre-internship hair cortisol levels (intercept b = −0.0522, p = 0.022) without effects on hair cortisol trajectory during internship (all ps > 0.20). When entering all significant covariate effects into a single adjusted model, hair washing frequency no longer had a significant impact on pre-internship hair cortisol levels (intercept, b = −0.0106, p = 0.536). We subsequently only controlled for age, marital status, and cohort effects. The final covariate-adjusted model (see Table 2 ) showed that the cubic hair cortisol trajectory remained, showing an initial rise in cortisol with internship onset, a decrease as internship continued, and a late rise towards the end, prior to the start of the second residency year.
Depressive symptom responses to internship stress
Depressive symptoms (assessed by PHQ-9) and perceived stress ratings were highly correlated during internship (r(51) = 0.677, p < 0.001). Consistent with previous reports, depressive symptoms increased significantly from before internship (M ± SD = 2.78 ± 2.94) to 3 months (M ± SD = 5.03 ± 4.14, p < 0.001), and remained elevated over baseline throughout internship (6 months: M ± SD = 4.77 ± 3.42, p < 0.001; 9 months: 5.22 ± 4.36, p < 0.001; 12 months: 4.67 ± 4.51, p = 0.001). One third (33.3%) of interns reported at least moderate depressive symptoms (PHQ ≥ 10) at least once during internship.
This pattern was confirmed using Growth Curve Modeling, where a quadratic depressive symptom trajectory was the best fit for the data (lowest AIC; linear model AIC = 135.14; quadratic model AIC = 119.95; cubic model AIC = 132.20; time b = 0.0605, p < 0.001; time 2 b = −0.0042, p < 0.001; see Fig. 2 ).
We examined the impact of socio-demographic (cohort, sex, age, ethnicity, marital status, having a child) and health-related variables (BMI, medication intake throughout the study period, antidepressant use, oral contraceptive use, personal history of depression, family history of depression, stressful life events, and mean days off in the past month) on depressive symptom trajectory. Only the following had statistically significant effects on depressive symptom trajectory: There were cohort effects in depressive symptoms, such that the 2012 cohort had lower depressive symptoms at pre-internship, intercept b = −0.2701, p = 0.011, which yielded a more reactive depressive symptoms trajectory (steeper linear increase, time b = 0.0657, p = 0.017, and greater deceleration, time 2 b = −0.0045, p = 0.038). Having no stressful life events in the past 3 months before internship, compared to having at least one life stressor (e.g., getting married, having a child, death of family member, financial loss, etc.), predicted lower pre-internship PHQ-9 levels, intercept, b = −0.2015, p = 0.014, with no effects on trajectory from pre-internship levels (all ps > 0.20). Participants who took more days off in the past month (as indicated in quarterly surveys) had an overall flatter depressive symptom profile during internship, time, b = −0.0130, p = 0.017, time 2 b = 0.0009, p = 0.034. Cohort, pre-internship stressful life events, and mean days off in the past month were controlled for in the GCM model reported next.
Associations between hair cortisol and depressive symptom responses to internship stress
Though hair cortisol and depressive symptoms both increased during the early months of internship, these changes were not significantly related to each other (r(65) = −0.08, p = 0.51). The lack of relationship was confirmed using growth curve modeling to test the association between hair cortisol change with depressive symptom trajectory. Specifically, while controlling for identified covariates and the association of pre-internship hair cortisol with pre-internship depressive symptoms, the change in hair cortisol from pre-internship to 2 months was not associated with depressive symptom trajectory during internship (hair cortisol change-by-time b = 0.0323, p = 0.286, hair cortisol change-by-time 2 b = −0.0021, p = 0.378). In sum, though cortisol and depressive symptoms both increased with stressor exposure, these appear to have been independent phenomena, not directly associated with each other.
Posthoc analyses
We assessed whether factors that predicted depressive responses also predicted cortisol responses. Hair cortisol response to stressor onset did not correlate with increases in work hours, decreases in sleep, and changes in subjective/emotional stress responses, such as increases in perceived stress or loss of mastery/control (all ps > 0.20). However, these variables did correlate with depressive symptom increase (increased work hours: r(65) = 0.349, p = 0.004; decreased sleep: r (51) = 0.386, p = 0.004; increased perceived stress: r(50) = 0.394, p = 0.004; decreased mastery/control: r(51) = 0.293, p = 0.033).
Discussion
This study examined the relationships between chronic stress, hair cortisol, and depressive symptoms, longitudinally following interns over the course of the "standard" predictable stress of medical internship year. We confirmed prior work (Mata et al., 2015; Sen et al., 2010) showing increased depression symptoms in response to this challenging year, and prospectively documented a striking increase in hair cortisol levels in its first few months of internship. However, we found no relationship between neuroendocrine and depressive responses to stress exposure, suggesting that changes in these two dimensions reflect different aspects of stress reactivity.
Both neuroendocrine and depressive symptoms increased with the chronic stressor of medical internship. Elevated hair cortisol levels in stressed populations have previously been found (reviewed in Stalder et al., 2017; Staufenbiel et al., 2013) . This study expands prior literature by prospectively examining changes in hair cortisol through the onset and unfolding of exposure to a substantial, prolonged stressor. Results show an initial sharp increase with stressor onset, providing prospective validation of the hair cortisol method as a field-friendly biological marker of stress exposure-a finding consistent with relocation studies in primates (e.g., Davenport et al., 2006) and one prospective human study that examined hair cortisol concentrations pre/post (but not throughout) military deployment . Our data also show recovery, despite ongoing challenges, and a rise back to pre-internship levels as transition to the second residency year approached. Like neuroendocrine responses, depressive symptoms also increased with stressor onset. However, in contrast to cortisol, they remained elevated throughout internship-consistent with a larger previous study of medical internship (Sen et al., 2010) and meta-analytic evidence (Mata et al., 2015) .
Despite an increase in both hair cortisol and depressive symptoms with stressor onset, the two measures clearly followed distinct trajectories and were not directly correlated with each other. Our results are consistent with a recent meta-analysis that found no clear relationships between hair cortisol and self-reported depressiveness (Stalder et al., 2017) . Links between HPA axis hyperactivity and depression have been shown in studies using cortisol measures in blood, saliva, and urine (reviewed in Nemeroff and Vale, 2005) , but great variability exists, depending on patient characteristics and clinical status or subtype (Lamers et al., 2013; Stetler and Miller, 2011) . Recent scientific developments suggest that some previously described HPA axis abnormalities in depression may reflect the impact of shared underlying vulnerability factors (e.g., genetic heritage interacting with developmental experiences) rather than direct HPA-depression links per se (Baumeister et al., 2014) . There were no clear and consistent linkages between cortisol levels and depressive symptoms in our study. These longitudinal data, collected in the context of a chronic stressor that triggers new onset depression in a substantial number of those exposed (Mata et al., 2015; Sen et al., 2010) , add weight to the idea that hypercortisolemia is neither a cause nor direct correlate of depressive symptom states, at least in the context of a non-clinical sample. Replication is needed in longitudinally followed samples using validated tools for assessing onset of clinical disorders.
The decoupled nature of the hair cortisol and depressive symptom response suggests that these measures reflect different aspects of stress responsivity. Depressive symptom elevations with stress were closely related to external stressor demands (e.g., increased work hours, shorter sleep) and stress perceptions (increased perceived stress, loss of mastery/control), which has been extensively demonstrated in the literature. For example, close relationships have been shown between depressive symptoms and perceived stress (Cohen et al., 1983) , long working hours (> 55 h/week; Virtanen et al., 2011) , sleep disturbances (Ford and Cooper-Patrick, 2001) , and loss of mastery/control (Marshall and Lang, 1990) . Hair cortisol also increased with stressor onset, but unlike depressive symptom responses, it did not correspond to reported stressor demands or subjective/emotional stress responses, such as increases in perceived stress. The lack of covariance between subjective stress and HPA axis activity is consistent with prior studies of acute (salivary/plasma) HPA measures (Dickerson and Kemeny, 2004; Mayer et al., 2017) , and also in descriptive and meta-analytic reviews of hair cortisol studies (Stalder et al., 2017; Staufenbiel et al., 2013) , although exceptions exist (Oldehinkel et al., 2011; Oswald et al., 2004; Schlotz et al., 2008) . In contrast to subjective emotional distress, cortisol is known to more clearly track things like stressor anticipation, novelty/ familiarity, and social-evaluative threat (Curtis et al., 1976; Davis et al., 1981; Dickerson and Kemeny, 2004; Gaab et al., 2005; Mayer et al., 2017; Peters et al., 2011) . Such factors may have been in play here. Our repeated sampling revealed a striking rise during the first few months of stressor exposure, a nadir (below "baseline") in the 10-month samples, and a return to pre-internship levels at the end of the year. This pattern suggests that hair cortisol may respond to specific psychological features of the stress context. The initial hair cortisol increase could reflect the joint impact of novelty and social evaluative threat. Novel medical settings, staff, and procedures posing many types of challenges may have increased hair cortisol during the first few months of internship. Constant scrutiny by peers and senior physicians may be a potent socialevaluative threat that may well have contributed to this initial rise. Repeated exposure to challenge and once novel stimuli (Davis et al., 1981; Peters et al., 2011) and repeated exposure to social-evaluative threat (Pruessner et al., 1997; Schommer et al., 2003) , lead to loss of this initial HPA reactivity over time. Our study shows a striking decline in cortisol levels after the initial months of internship, perhaps related to this accommodation process. However, levels rise again as transition to second year approaches. Anticipation of unfamiliar challenge is a well-established activator of the HPA axis (Gaab et al., 2005) , which may explain the end rise and the comparable "elevations" that were present prior to internship start and prior to transition to residency. Further work is needed to more directly test these speculative interpretations. We did not use established measures that assess perceptions of stressor context, related to anticipation, novelty/familiarity, and social-evaluative threat, but such measures should be included in future studies.
Strengths and limitations
The study had several strengths. It used a prospective and longitudinal design in the naturalistic, yet standardized, chronic stress setting of medical internship-an established model of stress and depression (Sen et al., 2010) . It also assessed cortisol concentrations repeatedly over time using hair samples, allowing us to trace changes over time more thoroughly than ever before. The study also had limitations. The sample size was small and replication with a larger sample is needed. This will be more feasible if self-collection hair protocols are employed in future studies (e.g., see Gow et al., 2011) . A larger sample size would also allow us to examine depressive symptom sub-clusters (e.g., emotional, cognitive, or vegetative symptoms) and their links to hair cortisol. Medical interns with diverse specialties were included to examine common links between stress, hair cortisol, and depressive symptoms across specialties. We did not have enough power to test if specialties differed in psychobiological growth trajectories. However, a recent meta-analysis of studies recruiting residents from both single (n = 26) and multiple (n = 28) specialties found that the prevalence of depressive symptoms was similar across specialties, suggesting common underlying factors (Mata et al., 2015) . Nevertheless, variability in stress likely exists between specialties and future studies may only include a few specialties so that subgroup analyses are feasible. Another limitation is that our hair cortisol analyses assumed a hair growth rate of 1 cm/month, but individual variability in hair growth rates can be quite large (Schütz et al., 1993) , which could have impacted our results.
Furthermore, it is possible that seasonal changes affected hair cortisol levels. Hair cortisol concentrations were highest during the first 4 months of internship, which also coincided with summer-fall months (July through October). In the absence of a control group, this leaves the internship effect potentially confounded by a season effect. However, existing literature does not clearly demonstrate season effects that could explain the early rise in hair cortisol seen here. Some studies do report higher hair cortisol concentrations in summer months (Braig et al., 2015; Fischer et al., 2017; Staufenbiel et al., 2015) , but a largescale cohort sample (Whitehall II) found the opposite effect, showing higher HCC in samples collected in the winter (Abell et al., 2016) . Studies examining seasonal patterns in salivary and urinary cortisol secretion also showed lower cortisol during summer months and higher levels in the winter (Hansen et al., 2001; Persson et al., 2008) . Seasonal variation in hair cortisol might be explained, at least in part, by light/ sunshine exposure or transpiration (proposed by Braig et al., 2015; Gao et al., 2014) . Hair samples exposed to artificial ultraviolet (UV) radiation or natural sunlight show reduced cortisol concentrations (Li et al., 2012; Wester et al., 2016) , consistent with the studies showing reduced levels in the summer. Hair cortisol levels are not altered following sweat-inducing interventions (Grass et al., 2015) . In sum, large-scale observational evidence and experimental work do not support the idea that higher hair cortisol levels from July to October reflected the impact of summer season or sunlight exposure. However, a seasonal impact on hair cortisol results cannot be fully ruled out in this study and requires further research. Also, though our prospective and longitudinal design improved on previous cross-sectional studies in allowing us to examine changes across the internship year in psycho-biological measures, the linkages reported are correlational and causal insights require controlled laboratory work.
Cohort effects in hair cortisol and depressive symptoms present another limitation. Internship and assay procedures did not change over time, but it is possible that assay technology became more sensitive. It is also possible that cohorts differed in resilience, perhaps reflecting random variations given the small cohort sizes. Follow-up work with an enlarged sample is needed. Another limitation is that depressive symptoms were only assessed using symptom self-reports. Diagnostic validity of the PHQ-9 is good and comparable to clinician-administered assessments (Kroenke and Spitzer, 2002; Kroenke et al., 2001; Spitzer et al., 1999) , but we were not evaluating depression using clinical interviews and DSM criteria to make diagnoses. Also, we do not know if depression onset examined here is comparable to the development of depression types examined in earlier studies (e.g., melancholic depression).
Summary and conclusions
Studies over the past 50 years have sometimes documented HPA axis hyperactivity in depression, but the precise nature of the relationship between this system and major depressive disorder remains uncertain. Prospective, longitudinal tracking of HPA activity over time in an established stress context allowed us to explore its potential links to depressive symptom development in a new way. Our results showed a sharp increase in hair cortisol with internship onset, reflecting stress exposure, but this rise did not predict depressive symptom development during internship stress, despite clear rise in depressive symptoms as well. Instead, hair cortisol and depressive responses were decoupled in the context of chronic stress exposure, following different trajectories through the year − depressive symptoms were elevated throughout internship and correlated with stressor demands and subjective stress reactions; in contrast, hair cortisol fluctuated through the year, perhaps tracking specific contextual aspects related to anticipation, novelty/ familiarity, and social evaluative threat. These findings suggest that the HPA axis may not be mechanistically linked with the development of depressive symptoms in the context of stress, at least within this naturalistic stress paradigm.
Our results suggest two main future directions. First, the field has spent decades looking for direct HPA-depression links, but such direct associations have been inconsistent in both clinical and non-clinical populations. Our data support the idea that the link between HPA activity and depressive states may not be direct and causal, at least in nonclinical samples, and this needs further exploration in similar, longitudinal studies that can track new onsets of DSM-defined disorder in the context of stress with careful measurement of HPA axis variables. Our data are congruent with newer research developments that point towards shared underlying vulnerability factors, rather than direct HPA-depression links (Baumeister et al., 2014) . Genetic factors, in interaction with early developmental experiences, likely shape both vulnerability to depression in the context of stress as well as alterations in HPA regulatory "set points." Understanding person-environment interactions that mold vulnerable phenotypes will be the next frontier in depression research, and the HPA axis system-as a critical, adaptational system that is sensitive to the stress environment and shaped both genetically and epigenetically-may offer unique insights.
Second, links between "stress" and HPA axis functioning need to be clarified. Stress itself is a complex construct that includes stress exposure, perceptions of stress, and bio-psycho-social responses to stress. In our study, the HPA axis did not respond to increased stressor demands or stress perceptions, which were present throughout internship, but it instead appeared to reflect reactivity to specific contextual features, perhaps related to anticipation, novelty/familiarity, and social evaluative threat. Understanding what aspects of "stress" activate the HPA axis, both in the context of acute and chronic stress, will be important in clarifying its role in stress-related diseases (Mayer et al., 2017) .
Our innovative design can be a model for future work. Using new technology that captures longer term HPA axis functioning within a longitudinal and prospective model that takes advantage of a naturalistic "experiment" will provide a useful context for examining links between stress, HPA axis functioning, and depression in future, larger studies. 
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